The effects of atrial pacing on the left ventricular end-systolic pressure-volume relation, a relatively load-insensitive index of left ventricular performance, were studied in 8 chronically instrumented, conscious dogs. Six of the dogs were studied while autonomically intact, and 2 were studied after autonomic blockade with 2 mg/kg i.v. propranolol and 0.2 mg/kg i.v. atropine. Left ventricular pressure was measured with a micromanometer and left ventricular volume was determined from 3 ultrasonic orthogonal dimensions. Pressure was varied by caval occlusions at control heart rate and after atrial pacing at 100,120,140,160,180, and 200 bpm. The end-systolic pressure-volume relation was linear in every case (r=0.97 ± 0.03, SD). In the autonomically intact dogs, E mai , the slope of the end-systolic pressure-volume relation, was directly and monotonically related to heart rate in every dog, increasing to 238 ± 99% of control at peak pacing rate (p < 0.05). V o , the zero pressure intercept of the relation was also directly related to heart rate in every dog and increased 8.6 ± 5.5 ml from control to peak pacing rate (p < 0.05). Autonomic blockade did not attenuate these effects. This rightward shift of the end-systolic pressure-volume relation results in a reduced stroke volume from any end-diastolic volume, modulating the hemodynamic benefits of enhanced contractility. T, the time constant of isovolumic pressure fall during ventricular relaxation, was determined from beats with matched end-systolic pressures. T was related to heart rate, falling by 20 ± 10.3% over the range of rates studied in the autonomically intact dogs and by 23.1 ± 6.2% in the autonomically blocked dogs. Thus, the ventricle relaxes more rapidly at higher heart rates. We conclude that the frequency of contraction is concluded as an important determinant of overall pump function throughout the cardiac cycle in conscious dogs. (Circulation Research 1987;61:455-464) 
S ince 1871, when Bowditch 1 first reported that the force of contraction of the heart was augmented by increasing its rate, the effect of heart rate on cardiac performance has been the subject of much study. Isolated cardiac muscle experiments 2 " 4 have shown that increased stimulation frequency is accompanied by a shift in the myocardial force-velocity relation, indicating a positive relation between frequency of contraction and contractile state. Parmley and Sonnenblick, 5 using isolated papillary muscles, have shown that the positive inotropic effect of increased stimulation rate was accompanied by a decrease in the time constant of relaxation (t ), suggesting that both systolic and diastolic mechanical properties of cardiac muscle are affected by heart rate.
Studies on intact heart preparations have yielded variable results. Although data from isolated, crossperfused canine hearts confirmed that increased heart rate produces a significant positive inotropic effect, 6 " 8 data from Higgins et al 9 indicated that the augmentation of contractile state in anesthetized animals was markedly greater than that in conscious animals. This suggests that the magnitude of the influence of heart rate on contractility in conscious animals, though present, is small and that studies in anesthetized animals may not reflect normal in vivo conditions. Systematic evaluation of the influence of heart rate on ventricular relaxation was not performed in these studies.
Interpretation of the results of prior studies has been complicated by the fact that the contractile state of the intact heart is difficult to quantify. The index of systolic performance most commonly used in these studies was the rate of rise of left ventricular (LV) pressure, dP/dt max . Although dP/dt max correlates with contractile state of" the ventricle, this parameter is substantially dependent on preload, 10 " which may vary with heart rate. Other indexes, such as the myocardial forcevelocity relation at a given muscle length, the peak pressure of an isovolumic beat, or the contractile element velocity are either difficult or impossible to obtain in the intact heart, require multiple simplifying assumptions or are based on dP/dt.
Recently, the response of the LV end-systolic pressure-volume (P ES -V ES ) relation to increased heart rate has been studied in isolated supported canine hearts. 1213 Since it is a relatively load-independent index of ventricular performance, 14 " 18 this index should provide an accurate assessment of how increased heart-rate influences LV function during systole. Maughan et al l3 have shown a biphasic effect of changes in heart rate on both E max , the slope, and V o , the zero pressure intercept of the P ES -V ES relation. Increases in E max occurred at rates from 60-120 beats per minute (bpm), with little change at higher rates. V o was relatively constant below rates of 160 bpm, and increased at higher rates. Whether similar results occur in a more intact preparation is not known.
The current investigation was undertaken to evaluate the influence of heart rate on both systolic performance of the LV as quantified by the P^-V^ relation and LV isovolumic relaxation. We studied preinstrumented, conscious dogs under control conditions and after left atrial pacing over a range of rates up to 200 bpm. Our results indicate that increases in heart rate influence E mas , V o and T (the time constant of relaxation) in a consistent fashion over the range of rates studied.
Materials and Methods
Eight conditioned mongrel dogs (23-29 kg) of either sex were used for these studies. Our surgical preparation has been previously described in detail. 19 " 21 In brief, after administration of 1-2% halothane anesthesia and under sterile conditions, 3 sets of piezoelectric crystals were implanted in the endocardium of the left ventricle. These permitted continuous assessment of anterior-posterior (D AP ), septal-lateral (D SL ) and long axis (D LA ) dimensions. A micromanometer (Konigsberg Instruments, Pasadena, Calif.) and a 1.1 mm i.d. fluid-filled polyvinyl catheter for calibration of the micromanometer were placed through the LV apex and held in place by a purse-string suture. A pacing electrode was sewn onto the left atrium, balloon occluder cuffs were positioned around both the superior and inferior venae cavae, and the chest was closed. The animals were studied after full recovery from surgery, a period of at least 10 days, during which time they were trained to lay quietly in a sling.
Analog recordings were made on an 8-channel, forced ink oscillograph (Beckman Instruments, Palo Alto, Calif.) at a paper speed of 25 mm/sec. The following measurements were obtained: LV pressure (P), the first derivative of LVP with respect to time (dP/dt), and the 3 dimensions D AP , D SL , and D LA . These parameters were also simultaneously analog to digital converted at a sampling rate of 200 Hz using a PDP 11/23 minicomputer and stored on floppy disks.
Data for the P^-V^ relations were generated by recording the signals for 12 seconds following simultaneous occlusion of the caval occluders ( Figure 1 ). At least 2 occlusions were performed at each heart rate, beginning at the animal's resting rate (67-105 bpm), and then in 20-bpm increments up to 200 bpm. Left atrial pacing was carried out using a Grass stimulator (Grass Instrument Co., Quincy, Mass.) at the minimal voltage threshold with a 5-msec pulse duration. Pacing was maintained at each rate for at least 30 seconds prior to data acquisition to allow resolution of any transient changes due to the change in heart rate; thus, at each heart rate, the signals were at steady state levels.
In 6 dogs, the autonomic nervous system was left intact. These animals usually developed Type I atrioventricular block at pacing rates of approximately 160 bpm. To abolish this, they were given incremental doses of 0.1 mg i.v. atropine with a maximal dose in 1 animal of 0.3 mg. Arrhythmia, which occurred in 2 of these animals, was treated with 2 mg bolus doses of i.v. lidocaine. To assess whether autonomic reflexes resulting from caval occlusions and changes in heart rate influenced our results, 2 dogs were studied after the administration of 2 mg/kg i.v. propranolol and 0.2 mg/kg i.v. atropine, doses previously shown in our laboratory to produce complete autonomic blockade. "- 21 In four experiments, mechanical alternans appeared at a pacing rate of 200 bpm. These data were excluded from analysis.
Volume Validation
While we have previously demonstrated that the use of 3 piezoelectrically determined diameters gives a consistent measure of LV volume despite marked changes in LV size and configuration, l9 -2 "-22 -23 the specific influence of heart rate on volume calculation has not been systematically assessed. To address this problem, we studied 2 dogs in which an electromagnetic flow probe was placed around the proximal ascending aorta. In these animals, the stroke volume calculated from the piezoelectric dimensions was compared with the stroke volume measured directly by the flow probes. In one animal, heart rate varied from 97-203 bpm, and in the other, it varied from 95-233 bpm. Regression analysis of the data from these dogs shows the relation of measured to calculated stroke volume to be linear with an r value of 0.98 and a standard error of the estimate (SEE) of 1.2 ml. The relation is described by the equation: measured stroke volume = 1.05 X (calculated stroke volume + 0.84 ml). Thus, over a wide range of heart rates there is no systematic variation in calculated volume.
Data Analysis
The digital data were analyzed using software developed in our laboratory. Ventricular volume was calculated from the 3 orthogonal dimensions using the formula V = 7r/6 (D AP X D SL , D L A ). End-systole was defined as the time of the peak instantaneous ratio of LVP/LVV. 24 T max , the time to end-systole, was calculated as the time between the peak of the QRS complex and the peak LVP/LVV ratio. End-systolic data from each caval occlusion were fit to the equation:
using a least-squares method and E max and V o derived empirically.
The time constant (T) of the isovolumic fall in LV pressure was determined using data from individual beats from the time of peak-negative dP/dt to the time that LV pressure had fallen to 10 mm Hg above the end-diastolic pressure. These pressure and time data were fit to the equation:
where t is the time from peak negative dP/dt, and P o and P B are constants determined by the data. These data were fit using BMDP program PAR for derivative free nonlinear regression analysis. 25 For each dog, T was determined from the first beat of the caval occlusion. Since T may be sensitive to changes in systolic pressure 2627 or end-systolic volume, 28 T was compared also in beats with similar end-systolic pressure ( ± 3 mm Hg) and in beats with similar end-systolic volume ( ± < 2 ml) at each heart rate.
Since dP/dt max has been shown to be directly dependent on LV end-diastolic volume," dP/dt max was compared in beats with closely matched LV end-diastolic volume ( ± 3.2 ml) at each heart rate.
Statistical Analysis
Correlation coefficients, F ratios, and p values for each linear regression of end-systolic data as well as for the relation between heart rate and E max , V o , dP/dt max , and T were determined using BMDP1R. 25 Analysis of the effect of heart rate on the variables was made by analysis of variance for repeated measures, using BMDP2V. 25 For this analysis, only the heart rate values common to each experiment (120, 140, 160, and 180 bpm) were used. Significance was considered as p < 0.05. Data are presented as mean ± SD.
Results P ES -V ES data for each animal at each heart rate are shown in Table 1 . The mean correlation coefficient was 0.97 ± 0.03. Figure 2 shows the relation of E max to heart rate for each of the autonomically intact animals. E max increased with heart rate in each experiment. For this group, E max increased to 238 ± 99% of control at the peak pacing rate, and this effect did not plateau. Likewise, in the autonomically blocked dogs, E max increased to 206 ± 63% and did not plateau. In the range of values from 120-180 bpm, E max was significantly related to heart rate (p < 0.05). Regression of E max against heart rate for the group data in autonomically intact dogs showed these to be directly related with an r value of 0.96. Figure 3 shows the relation of V o to heart rate for the same 6 dogs. Again, this parameter increased in a direct fashion in each dog (Table 1) with no evidence of a biphasic response, and a similar magnitude of change was present in the autonomically blocked dogs. Regression of V o against heart rate in the autonomically intact dogs showed these to be directly related with an r value of 0.87. Analysis of variance showed that V o increased significantly with heart rate (p < 0.05) in the range of 120-180 bpm. Figure 4 shows pressure volume loops at several heart rates and plots of the individual regression lines of the P ES -V ES at each heart rate from animal No. 1 demonstrating the quality of the raw data and the change in both E m .. and V n . In each experiment, single beats with matched LV end-diastolic volume were used to determine the effect of heart rate on dP/dt max . To demonstrate that dP/dt mM occurred during isovolumic systole, the LV pressure at the time of dP/dt max was verified in each beat. The average value was 66.8 ± 10.5 mm Hg, with a range from 49.3-83.6 mm Hg. LV pressure at the time of dP/dt max did not change in a consistent fashion in response to heart rate and was always at least 25 mm Hg less than peak LV systolic pressure, indicating that dP/dt max occurred before aortic valve opening. dP/dt max was directly related to heart rate in each animal. As can be seen in Table 2 , dP/dt max increased to 128 ± 21 % of control in the autonomical ly intact dogs and was significantly related to heart rate in the range of 120-180 bpm (/?< 0.05). A similar change, to 128 ± 2.5% was seen after autonomic blockade. Regression of group data for dP/dt max against heart rate in the autonomically intact dogs showed these to be related, with an r value of 0.81.
In each experiment, single beats with matched LV end-systolic pressure were used to determine the effect of heart rate on T, the time constant of isovolumic relaxation. Data from these beats are found in Table 3 . In these dogs P B did not change in a consistent fashion, varying by less than 6 mm Hg for the group across the range of rates studied. The average number of points used for this analysis was 5, ranging from 3 (n = 2) to 8(/J= 1). In the autonomically intact dogs, T decreased 20.0 ± 10.3% from control to peak heart rate, while it decreased 23.1 ± 6.2% after autonomic blockade. Regression of T against heart rate in the autonomically intact dogs showed these to be directly related with an r value of 0.91, p < 0.05. Figure 5 shows the response of T in the autonomically intact dogs to increased heart rate.
To verify that the selection of beats with matched L V end-systolic pressure did not influence our results, T from the first beat of each caval occlusion was determined in the autonomically intact dogs. In these beats, T decreased 23.7 ± 10% across the range of rates studied. Beats with matched end-systolic volumes (± < 2 ml) were also analyzed, showing a decrease in T of 18.3 ± 10.7% over the range of rates studied. Thus, the effect of heart rate on ventricular relaxation was consistent and independent of the method used for matching beats.
The decrease in T was associated with a decrease in the time to end-systole, T max . In the autonomically intact dogs, T mas decreased to 84 ± 8.6% of control values, and regression of T max against heart rate for the group showed these to be related with an r value of 0.96,/? <0.05. In the autonomically blocked dogs, T mai decreased to 81 ± 11 % of control.
Discussion
This study shows that in the conscious dog, heart rate has a significant effect on both the systolic and diastolic performance of the left ventricle. These results extend previous work done on isolated papillary muscle 5 and isolated supported hearts 6 " 813 to the intact, conscious dog, indicating that the frequency of contraction is an important determinant of cardiac function during systole and diastole.
Influence of Heart Rate on Systole
As shown in Figure 2 , the peak systolic elastance, E max , increased incrementally with pacing. Heart rate and E max were closely related in every case and did not reach a plateau in the range of rates studied. The magnitude of increase in E max over the range of rates studied was similar to that seen in prior studies on the HR, heart rate in bpm; LVEDV, left-ventricular end-diastolic volume (ml); dP/dt. maximal rate of rise of left ventricular pressure (mm Hg/sec). Dogs 7 and 8 were autonomically blocked. same preparation produced by inotropic stimulation with dobutamine, indicating that the degree of contractile augmentation is substantial. Our results in conscious, autonomically intact animals are consistent with prior studies in anesthetized animals and crossperfused hearts 6 " 8 that have shown a significant relation between heart rate and contractility. Our use of conscious dogs precludes confounding drug effects, and the use of the P^-V ES relation provides a relatively load-independent index of contractility.
Volume (ml)
Our conclusions are somewhat different from those of Higgins et al, 9 who also studied conscious dogs and who concluded that heart rate had only a slight influence on systolic cardiac performance. Of note, in their animals, dP/dt ma5 was studied in beats having matched external end-diastolic diameters, increasing by 380 ± 30 (SEM) mm Hg/sec/100 bpm. In our autonomically intact dogs, dP/dt maK at matched LV end-diastolic volumes increased 487 ± 50 mm Hg/ sec/100 bpm. Our concurrent analysis of the PES-V ES relation indicates that with this level of increase of dP/dt max , contractility is significantly increased. Of interest, Higgins et al 9 observed a decrease in endsystolic epicardial diameter at similar aortic pressures with pacing, suggesting a leftward shift of the P ES -V BS relation. Further comparisons of the studies are made difficult by differences in study design.
Our results may be compared with those of studies in which the influence of heart rate on the P BS -V ES have been evaluated in isolated, supported dog hearts. 121329 Suga et al 12 showed in the isolated heart that increasing the heart rate from 124 to 193 bpm (mean) led to only a 10% increase in E max , a much smaller effect than we found in conscious dogs. Whether these differences result from the fact that their animals received pentobarbital anesthesia or from another difference in the surgical preparations is unclear. It is of interest that the V o data in that study were not reported at different heart rates. If a single V o was used at all rates, the increment in E max possibly may have been underestimated.
Our results also differ in some regards from those of Maughan et al 13 who studied the P ES -V ES relation in isolated canine hearts. In that study, a biphasic response of both E mM and V o to increased heart rate was found. E max increased in the range of rates from 60-120 bpm, then reached a plateau; on the other hand, V o was relatively constant up to rates of 160 bpm but increased HR, heart rate in bpm; T, time constant of left ventricular isovolumic relaxation; LVESP, left ventricular end-systolic pressure (mm Hg); (O-P) 2 , residual sum of squares for the nonlinear fit (mm Hg 2 ); T max , time to end-systole (msec). Dogs 7 and 8 were autonomically blocked.
substantially in the range of 160-200 bpm. Maughan et al 13 postulated that the V o shift may be due to ischemia occurring at higher heart rates, since a rightward shift of the P ES -V ES relation has been seen after coronary ligation. 2230 Our finding in conscious dogs of a consistent relation of both E max and V o to heart rate over the entire range of rates studied suggests that these effects may be the results of an intrinsic myocardial property.
The finding of an effect of heart rate on both E max and V o has important implications. Ventricular pump performance depends not only on the slope of the P ES -V ES relation, which reflects myocardial contractility, but also on its position on the abscissa. With higher heart rates, E max was increased, but the relation was also shifted to the right, such that in the physiologic range of systolic pressure the overall displacement of the P ES -V ES relation did not produce substantial changes in stroke volume from any end-diastolic volume ( Figure  6 ). This may help explain the variable results of previous studies that have evaluated the influence of heart rate on other parameters of cardiac performance.
Influence of Heart Rate on Diastole
Since the observation of Weiss et al 31 that pressure falls in an exponential fashion during isovolumic diastole, the time constant of pressure decay has been widely used to quantify ventricular relaxation. While in the report of Weiss et al 31 heart rate was found to have only a slight influence on T, subsequent studies in animal models and in man have suggested that the time constant decreases with increased heart rate. 273233 In these studies, a semilogarithmic technique has been used to determine T, which is defined as the negative reciprocal of the slope of the natural log of P as a function of time. A recent study by Thompson et al 34 has indicated, however, that the use of this method, which assumes that pressure will asymptotically approach 0 mm Hg, may not accurately reflect the time course of isovolumic relaxation since there is no a priori reason for ventricular pressure to fall to an arbitrary reference value. We used a technique that allows the asymptote for pressure decay to be determined by the pressure and time data. Prior studies have not utilized this technique to assess ventricular relaxation over a wide range of heart rates. In this study, the fall of pressure was considered to be exponential during the period of isovolumic relaxation, which was defined as the time between peak negative dP/dt and the time when pressure fell to within 10 mm Hg of end-diastolic pressure. 35 Our data show that T was significantly related to heart rate over the range of rates studied, decreasing by 20 ± 10.3% in the autonomically intact dogs in beats with matched LV end-systolic pressure. Similar reductions in T were found if the first beat of each caval occlusion was analyzed or if beats with matched end-systolic volume were analyzed. Thus, at higher heart rates, the ventricle relaxes more quickly. This more rapid relaxation facilitates chamber filling at higher heart rates when the period of diastole is shortened. Of interest, the decrease in T was similar in magnitude to the reduction in the time to peak elastance, T max , indicating that increased heart rate influences the time course of systolic and diastolic events in a similar fashion.
The precise mechanism for the changes in systolic and diastolic performance that we have noted is not clear. Morgan and Blinks 36 contracting cat papillary muscles that increasing the stimulation frequency of the preparation augmented the magnitude and shortened the time course of the intracellular calcium transient determined by using the photoprotein aequorin. Since the mechanical response of cardiac muscle closely follows the calcium transient, it is possible that an alteration in calcium transient underlies the different mechanical response to different heart rates seen in the intact heart. Direct extrapolation of the aequorin data to our study cannot be made since no overall shortening took place in their preparation. Further studies will be required to fully elucidate the mechanism at the cellular level.
Our results must be interpreted in light of several potential experimental limitations. This first concerns the accuracy of the volume measurement technique. Unlike experiments in isolated hearts where the P ES -V ES relation can be precisely determined by visualizing its entire range, studies in intact animals must use data acquired over a limited range of end-systolic pressures and volumes. Unless the volume estimate is very accurate, the intrinsic variability of the P ES -V ES relation may be large, particularly at high E mux when there is a large pressure change for any volume change. In this and other studies, we have shown that there is no systematic variation in volumes calculated from the ellipsoidal model under a number of experimental conditions. As can be seen in Figure 4 , the pressurevolume loops at different heart rates are consistent with loops obtained from isolated hearts. The fidelity of these data, the consistent response of the parameters of the PES-V ES relation to changes in heart rate, and the volume validation data presented all suggest that our findings accurately reflect the mechanical behavior of the intact heart.
A second concern regards digital sampling frequency. The data in this study were sampled at 200 Hz, resulting in over 60 samples per cardiac cycle at the highest heart rate used. This is clearly adequate for the analysis performed. 37 A third concern is that our method of changing ventricular volume altered coronary blood flow. In no case were data analyzed at systolic pressures below 60 mm Hg, a level which assures adequate myocardial oxygen delivery for the brief period of caval occlusion. A fourth concern is that in autonomically intact dogs, reflex changes induced by steady state alterations in heart rate or by acute caval occlusion could underlie our results. To assess this, 2 dogs were studied after pharmacologic blockade of the autonomic nervous system. As seen in Tables 1-3 , the magnitude and direction of the changes seen in each of the 5 parameters evaluated were quite similar in these 2 animals when compared to the 6 autonomically intact dogs. Thus, it appears that these results are not mediated by mechanoreflexes or baroreflexes but represent intrinsic myocardial properties.
The results of this study have several practical implications. The P^-V^ relation generated by pharmacologic load alteration is being increasingly used in clinical studies of ventricular performance. When loading conditions are varied by the infusion of pressors and/or vasodilators, heart rate changes may occur. Analysis of end-systolic data from beats obtained at different heart rates may not provide a reliable estimate of ventricular function since at each heart rate the ventricle will have a different E max and V o . A second implication of these studies regards the influence of pacing on myocardial oxygen consumption. 12 Both heart rate and contractility have been defined as major determinants of this parameter. Since these 2 factors are integrally related, their relative influence may be difficult to separate. Recent studies have used the end-systolic pressure-volume area in isolated hearts to quantify myocardial oxygen consumption. Our results indicate that use of a single V o for this analysis may not be correct in the intact animal, and further studies to address this issue are warranted.
In conclusion, heart rate influences both the systolic and diastolic performance of the LV in conscious, autonomically intact dogs. Both the peak systolic elastance and the zero pressure intercept of the P ES -V ES relation increase monotonically with heart rate in the range of 100-200 bpm. The effect of increased contractility on overall LV performance is somewhat offset by the concurrent shift of the P ES -V ES relation. T, the time constant of relaxation, is decreased over this range of rates, reflecting more rapid relaxation of the ventricle. These results indicate that in the conscious dog, the mechanical behavior of the heart is related to its frequency of contraction. Both systolic and diastolic events respond to changes in heart rate, indicating that heart rate influences cardiac performance over a broad range of rates.
